Abstract-This paper proposes a modulated model predictive control (MMPC) algorithm for a brushless double-fed induction machine. The Brushless Doubly-Fed Induction Machine has some important advantages over alternative solutions for brushless machine applications. The proposed modulation technique achieves a fixed switching frequency, which gives good system performance. The paper examines the design and implementation of the modulation technique and shows the comparison of finite control set-model predictive control (FCS-MPC) and MMPC. Simulation results verify the operation of the proposed modulation technique.
I. INTRODUCTION
The brushless doubly-fed machine (BDFIM) which is shown in Fig.1 consists of two stator windings and one rotor winding [1] . The pair of stator windings includes a power winding (PW) and a control winding (CW). They have a different number of pole pairs so that they can produce the magnetic field and transfer energy through indirect interaction using the rotor winding. Due to the absence of brushes, the maintenance cost is lower than a traditional doubly-fed machine. The BDFIM is therefore suitable for drive systems in applications requiring minimal maintenance operation, such as Wind Energy Conversion systems (WECS) [2] [3] [4] .
The traditional control schemes used for the BDFIM include vector control (VC) [5, 6] and direct torque control (DTC) [7] [8] [9] [10] . The vector conversion needed in the implementation of vector control may be complex and time-consuming. Lowfrequency current fluctuation may be a serious disadvantage for DTC. With the rapid development of digital processors and power devices, the finite control set-model predictive control (FCS-MPC) is now being considered for the control of power converters due to its advantages such as fast dynamic response, easy inclusion of nonlinearities and constraints of the system, and the flexibility to include other system requirements in the controller [11] [12] [13] [14] . However, the switching frequency is variable, which decreases the system performance. To achieve a fixed switching frequency, modulated model predictive control (MMPC) has been proposed [15] [16] [17] . MMPC incorporates a modulation technique inside the FCS-MPC algorithm.
This paper presents the application of a MMPC strategy for the BDFIM. Simulation results are presented to show the feasibility and effectiveness of the proposed approach as well as to allow an analysis of the performance. In addition, a comparison of FCS-MPC and MMPC is shown in this paper. 
II. MMPC SCHEME FOR THE BDFIM

A. Model of BDFIM
The BDFIM is composed of two three-phase stator windings, denoted as power winding (PW) and control winding (CW), and one special rotor winding. Ignoring the harmonic magnetic fields and their coupling effects, PW, CW and rotor are described in 1, 2 and r reference frames. Based on PW flux orientation, the voltages and currents vectors of PW, CW and rotor, which are represented as , , and , should be transformed from their reference frames to a dq reference frame with -type pole-pair. is the angular speed of rotor. To simplify the expressions, the vector notations dq are removed.
The model of the BDFIM with the voltage and flux equations in dq reference frame can be shown as follows. is coupling inductance between PW stator and CW stator; , and Q are the electromagnetic torque, load torque and reactive power; J and are the moments of inertia and friction coefficient; * is the conjugate symbol; Im is a symbol to obtain the imaginary part of vector.
The rotor voltage satisfies , and the rotor resistance occupies a very small proportion to be ignored. In addition, the rotor flux is nearly zero. These conditions derive the simplified model as follows [18] : (14) ( ) 
A discrete BDFIM model can be derived from (14) and the relation between the discrete-time variables can be described as:
where
is a 2*2 unit matrix, is the sample period. Fig. 2 shows the topology of a voltage source inverter (VSI) and Table I 
B. Model of Converter
C. Cost Function minimization
MMPC strategy is used to make the controlled variables catch up with the corresponding references respectively at the end of the sampling period. The operation of BDFIM is required to satisfy two limitations: (i), the reactive power in PW should be zero; (ii), the speed of the BDFIM should track the reference speed. According to equation (15) , the limitation (i) can be obtained by setting
To obtain the limitation (ii), a proportional-integral (PI) regulator is used as shown in Fig. 4 . The output of this PI regulator is a reference electromagnetic torque, which can be satisfied with an appropriate according to equation (16 
In classic FCS-MPC method, finite numbers of possible switching states are used to predict the variables behavior in next sampling period. The predictive CW current can be derived from the discrete BDFIM model according to equation (17) . A cost function g is defined as the deviation between the reference CW current and the predictive CW current. And it is expressed as
The cost evaluations of each switching state are considered and one optimal switch state can be determined.
In the proposed MMPC scheme, considering the two limitations above and the fixed switching frequency, two adjacent active vectors and , and zero vectors will be chosen in each sampling period. It is assumed by (21) that the cost functions of these vectors are j g , k g and 0 g , respectively.
, and are the duty cycles of these vectors. The duty cycles are defined as:
Then, a new cost function Cost can be defined as
At last, the two active vectors and two zero vectors of the minimum cost function value are the optimal solutions and are used to the VSI at the next sampling time.
Thereafter, a switching pattern, the one shown in Fig. 3 , is adopted to apply the two active vectors and two zero vectors. 
Overall control scheme Fig. 4 shows the diagram of proposed control scheme, which consists of a rotor speed regulator, a torque transfer function, a reactive transfer function, a MMPC controller of CW current and a phase-locked loop (PLL). The rotor speed regulator is used to adjust the rotor speed to the set point. The reference CW currents are obtained according to the torque transfer function and reactive transfer function. The MMPC controller generates two active vectors and zero vectors according to the cost function. Then these vectors are used to the converter at the next sampling time.
III. SIMULATION RESULT
The operation and implementation of MMPC for the BDFIM are verified using a simulation in MATLAB/Simulink. Table II shows simulation parameters of the system. The CW stator is fed by the VSI. To verify the effectiveness of the proposed MMPC scheme in the BDFIM, two tests are implemented to verify the response both in FCS-MPC and MMPC. First, the reference rotor speed changes from 600 r/min to 800 r/min at t = 10 s when the load torque is 100 N.m. Then, at t = 13.5 s, the load torque changes from 100 N.m to 80 N.m and the reference of rotor speed is still 800 r/min. The reference reactive power is always 0 Var.
As shown in the Figs. 5-6, the results show the FCS-MPC and MMPC waveforms of the rotor speed, the reactive power, the electromagnetic torque and the CW stator current which splits into dq component. The motor speed and electromagnetic torque track their reference values effectively with quick responses both in FCS-MPC and MMPC. However, it is possible to observe that the dq CW stator current ripple for the MMPC scheme is lower than the conventional FCS-MPC scheme. And the MMPC scheme gains higher control accuracy. Moreover, better power and torque tracks with lower ripples are obtained in MMPC. 
IV. CONCLUSION
A MMPC scheme with a fixed frequency for BDFIM has been proposed in this paper. The modulation technique incorporates the space vector modulation (SVM) to the FCS-MPC. With a simple implementation structure, fixed switching frequency is obtained by using a modulation. Compared with the results of FCS-MPC, lower current ripple and higher control accuracy are achieved. Perfect system performance has been achieved and simulation results show the feasibility and effectiveness of the proposed method. 
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